Crystal surfaces typically melt into a thin liquid layer at temperatures slightly below the melting point of the crystal. Such surface premelting is prevalent in all classes of solids and is important in a variety of metallurgical, geological and meteorological phenomena 1 . Premelting has been studied using X-ray diffraction 2 and differential scanning calorimetry 3 , but the lack of single-particle resolution makes it hard to elucidate the underlying mechanisms. Colloids are good model systems for studying phase transitions 4 because the thermal motions of individual micrometre-sized particles can be tracked directly using optical microscopy 5 . Here we use colloidal spheres with tunable attractions to form equilibrium crystal-vapour interfaces, and study their surface premelting behaviour at the single-particle level. We find that monolayer colloidal crystals exhibit incomplete premelting at their perimeter, with a constant liquid-layer thickness. In contrast, two-and three-layer crystals exhibit conventional complete melting, with the thickness of the surface liquid diverging as the melting point is approached. The microstructures of the surface liquids differ in certain aspects from what would be predicted by conventional premelting theories. Incomplete premelting in the monolayer crystals is triggered by a bulk isostructural solid-solid transition and truncated by a mechanical instability that separately induces homogeneous melting within the bulk. This finding is in contrast to the conventional assumption that two-dimensional crystals melt heterogeneously from their free surfaces 3, 6 (that is, at the solid-vapour interface). The unexpected bulk melting that we observe for the monolayer crystals is accompanied by the formation of grain boundaries, which supports a previously proposed grainboundary-mediated two-dimensional melting theory 7 . The observed interplay between surface premelting, bulk melting and solid-solid transitions challenges existing theories of surface premelting and two-dimensional melting.
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Surface premelting behaviour can be categorized into two types 1 : complete premelting, whereby the thickness of the liquid layer l diverges as the melting point of the crystal is approached, and incomplete premelting, whereby l increases as the melting point is approached, but remains finite. Incomplete premelting is attributed to the effects of the frequency-dependent dispersion force in Lifshitz theory 1 , but this supposition is difficult to test. A special case of incomplete premelting is blocked surface premelting, which features a constant l in the premelting temperature regime [8] [9] [10] ; however, the underlying mechanism for this behaviour is unclear. The effect of dimensionality on surface premelting behaviour is also poorly understood. The surface plays a vital role in bulk phase transitions (for example, bulk melting starts from surfaces 6 ), but little is known about the effects of the bulk on surface behaviour, which partly because the bulk and surface regions have rarely been measured simultaneously in atomic experiments and simulations.
Motivated by these open questions, we sought to observe both the surface and the bulk of colloidal crystals during premelting at the single-particle level. Colloids have provided insight into the microscopic kinetics of various bulk phase transitions, such as melting, crystallization, glass transition and solid-solid transition 4 . These transitions have usually been studied in repulsive colloids, which form solid phases only at high density under geometric confinement. However, equilibrium solid-vapour interfaces are formed only by attractive particles. Attractive colloidal particles better mimic atoms because all atoms have attractions and can condense into solid in vapour. To drive a thermodynamic phase transition in crystals, the colloids should be tunable. Most tunable attractions in colloids are either extremely short ranged 11 or difficult to tune precisely in a useful range of attraction strengths (that is, 0−1k B T, where k B is the Boltzmann constant and T is the temperature) 12, 13 . Here, we report relatively long-range dye-induced attractions between colloidal poly(methylmethacrylate) (PMMA) spheres with strengths that can be finely tuned over a temperature range of 20-30 °C (Fig. 1, Supplementary Figs 2 and 3 ). PMMA spheres with diameters of σ = 2.02 μm were assembled into triangular lattices with millimetresized crystalline domains and confined in a parallel-plate glass cell. Premelting and melting were induced by lowering the temperature (that is, weakening the attraction). At each temperature step, we recorded the thermal motion of approximately 6,000 particles under equilibrium for about 1 h. Experimental details are provided in Supplementary Information.
The free surface of a solid premelts when Δγ ≡ γ cv − (γ cl + γ lv ) > 0, in which γ is the interfacial energy, and the subscripts 'cv' , 'cl' and 'lv' shown as a function of interparticle distance r for various temperatures, as indicated. Inset, the attraction strength U min (r) decreases linearly (red line) in the green shaded temperature region, which corresponds to the temperatures that were used in the premelting experiment (Fig. 2) . U min (r) was used to determine the effective temperature k B T/|U min (r)|, because the absolute temperature T was almost constant during the premelting (approximately 300 K). See also Supplementary Fig. 1 . Letter reSeArCH represent the crystal-vapour, crystal-liquid and liquid-vapour interfaces, respectively. We defined the thickness of the surface liquid l as (Fig. 2g ) 14 , in which |ψ 6 | is the orientational order of the liquid, ρ is its density, d is the distance to the original (before premelting) solid-vapour interface, and 'bulk' superscripts indicate the corresponding bulk crystal values; we chose this definition because |ψ 6 |(d) and ρ(d) should decrease at the crystal-liquid and liquid-vapour interfaces, respectively. The local density ρ j is the inverse area of the Voronoi cell of particle j. The local ψ = ∑ θ − = n e j j k n i 6 1 1 6 j jk , in which θ jk is the angle of the bond between particle j and its neighbour k, and n j is the number of nearest neighbours of particle j (ref. 15) , with 0 ≤ |ψ 6j | ≤ 1 and a higher |ψ 6j | representing better six-fold symmetry. The expressions |ψ 6j |(d) and ρ(d) were derived by averaging |ψ 6j | and ρ j , respectively, over all particles at a distance d from the original (before premelting) solid-vapour interface (Supplementary Figs 9-11). Landau theory predicts that both |ψ 6j |(d) and ρ(d) decay exponentially 16 ; this prediction has been tested using simulations 17 , but had not previously been tested experimentally. We found that |ψ 6j |(d) decayed exponentially in bilayer crystals, but ρ(d) did not ( Fig. 2g and Supplementary Fig. 9 ). The decay length of |ψ 6j |(d) was approximately three layers, which is in good agreement with results from simulations of premelted ice 18 . The linear decay of ρ(d) illustrated in Fig. 2g and Supplementary Fig. 9 has not previously been observed experimentally or predicted by theory.
For the bilayer crystals, the liquid thickness was adequately fitted using l(T)
, in which T m2 = 22.7 °C is the melting temperature (Fig. 2h ). Such power-law behaviour of l(T) is typical for complete premelting, which has been predicted by theory 1 and simulation 19 and is commonly observed in metals 2 . By contrast, for the monolayer crystal, l(T) abruptly increased at the onset of premelting (at a temperature T pm1 ) and remained constant between melting and premelting (for T m1 < T < T pm1 ), indicating a blocked premelting ( Fig. 2d-f, h ).
Landau theory predicts that the order parameter at the original position of the solid-vapour interface (that is, d = 0; see Supplementary  Fig. 10 ) decreases according to (T − T m ) m rather than dropping directly to zero during complete premelting 20 ; hence, some order is maintained in the surface liquid throughout premelting. The single-particle resolution we achieved is necessary to test this prediction, and enabled us to monitor the order parameter |ψ 6 | at a specific particle layer in the surface liquid ( Supplementary Fig. 11 ); we confirmed that
m for the bilayers (Fig. 2i) . Landau theory predicts that m = n − 1 (ref. 20) , in which n is the exponent in the expression for l(T) (see Fig. 2h ). Although this prediction is for 3D crystals, we observed that it was essentially applicable to our bilayer crystals, with the fitted m = 1.61 ± 0.06 and n = 2.79 ± 0.08.
At the onset of premelting T pm1 = 23.9 °C, we observed a lattice dilation in the bulk 2D crystal ( Supplementary Fig. 14 and Supplementary Video 3) characterized by abrupt changes in density (Fig. 3a) and elastic moduli (Fig. 3b, c) . The elastic moduli were measured from the dispersion relations of the lattice vibration calculated from displacement covariance matrices ( Supplementary Fig. 18 ) 21, 22 . The abrupt dilation of the lattice maintained the same lattice symmetry; hence, this dilation corresponded to an isostructural solid-solid phase transition. Isostructural solid-solid transitions generally occur in metallic and multiferroic systems 23 , but have not been observed at the single particle level. The colloidal solid-solid transition was induced by the competition between the interaction energy and the free-volume entropy ( Supplementary Fig. 15 ), and has been observed in simulations of attractive spheres in both 2D and 3D, but these simulations did not include surface effects 24 . We consider such a bulk solid-solid transition at T pm1 to be the trigger of the surface premelting (that is, it is not a coincidence) because the expanded lattice is less attracted to surface particles and subsequently could trigger the premelting. The lattice dilation altered the interfacial energies and resulted in Δγ > 0, causing the formation of a surface liquid layer under thermal equilibrium. After the solid-solid transition, the lattice slightly expanded at T m1 < T < T pm1 (Fig. 3a) , which may have suppressed the surface liquid growth. In contrast to the monolayer crystals, no solid-solid transition was observed in the bilayer bulk crystals. The density and elastic moduli of the bulk crystals decreased continuously around the premelting point (Fig. 3a, d) . Therefore, the thickness of the surface liquid increased less abruptly compared with that of the monolayer crystals. This is consistent with the conventional understanding that surface premelting is a precursor to bulk melting rather than it being a phase transition 1 . Bulk melting terminates the premelting process and is strongly dependent on dimensionality. 3D melting is a first-order phase indicates the magnitude of the orientational-order parameter of each particle, |ψ 6j |. Scale bars, 10 μm. g, Surface profiles of |ψ 6 |(d) (red) and ρ(d) (black) for a bilayer crystal at 23.7 °C, normalized by their bulk values. The horizontal dashed line and arrow indicate the surface thickness l. h, As the temperature decreased, the thickness of the premelted liquid layer l (normalized by the particle diameter σ) increased according to l(T) ∝ (T − T m2 ) −n (with T m2 = 22.7 °C and n = 2.79) for the bilayer crystals, but saturated and remained constant for the monolayer crystals. The vertical thick (red) and thin (black) dashed lines represent the bulk melting points of the bilayer and monolayer crystals, respectively. i, The orientational-order parameter behaved according to |ψ 6 
, with T m2 = 22.7 °C and m = 1.61, for the bilayer crystals (d = 0 is shown in Supplementary Fig. 10 ). The vertical thick (red) and thin (black) dotted lines represent the premelting points of the bilayer and monolayer crystals, respectively. Plots of l/σ and |ψ 6 | d = 0 as functions of the effective temperature k B T/U min are provided in Supplementary Fig. 13 ; similar power laws to those shown in h and i are obtained. We broke the data into three periods of time, and the errors in h and i are the standard deviations from the three subsets.
Letter reSeArCH transition 25 , whereas 2D melting typically occurs via two continuous transitions through an intermediate hexatic phase as in the Kosterlitz-Thouless-Halperin-Nelson-Young (KTHNY) theory 15, 26 . An alternative 2D melting theory predicts a one-step first-order transition that involves the formation of grain boundaries 7 . Most experiments and simulations have revealed the existence of a hexatic phase, although the transitions may be first-order or continuous for various repulsive particle interactions [27] [28] [29] . One-step first-order melting transitions have been observed in molecular monolayers without the observation of grain boundaries 15 . Grain-boundary-mediated melting was observed in a polycrystalline plasma monolayer 30 , but the formation of grain boundaries in 2D single-crystal melting has yet to be directly observed.
We observed that the bilayer crystals underwent conventional surface melting 3 as a continuation of surface premelting; specifically, the premelted liquid propagated from the surface into the bulk during the melting process (Fig. 4a-c, Supplementary Video 4) . By contrast, the monolayer crystals broke down into a liquid from both the surfaces and within the bulk (Fig. 4d-f, Supplementary Fig. 16 and Supplementary Video 5). Figure 4f, Supplementary Fig. 16d-f and Supplementary Video 6 illustrate either structural liquids with transient polycrystalline patches or a crystal-liquid coexistence, but not polycrystalline solids. Particles actively swapped positions with their neighbours near grain boundaries and occasionally inside crystalline patches. As the interparticle attraction decreased, more liquid particles with low |ψ 6 | were generated through the formation of new grain boundaries. Grain boundaries formed with an equal probability throughout the entire lattice (that is, a homogenous melting). This result contradicts the conventional assumption that 2D crystals heterogeneously melt from free surfaces 3, 6 . According to 2D melting theory 7, 15, 26 , when the dislocation core energy E c > 2.84k B T, the melting proceeds according to KTHNY theory with a proliferation of dislocations 7, 15 . When E c < 2.84k B T, dislocations condense into strings as grain boundaries and the melting proceeds according to the grain-boundary-mediated melting theory 7 .
We measured E c = 1.82k B T at the melting point ( Supplementary Fig. 17b ) 31 , which is consistent with the observed grain-boundary proliferation. Although both KTHNY theory and the grain-boundary-mediated melting theory apply only to infinitely large defect-free single crystals without free surfaces, we observed that grain-boundary-mediated melting occurred in 2D crystals with free surfaces. Below the melting point, the lattice expansion (Fig. 3a) generated vacancies (Supplementary Fig. 16b, c) , which provided free space for forming grain boundaries. Vacancies typically do not form in the melting of repulsive 2D crystals, and the role of vacancy has not been thoroughly considered in 2D melting theories 7, 15, 26 . In addition, we determined that the shear modulus vanished in only the [10] direction at T m1 (Fig. 3c) . This mechanical instability induced the bulk lattice to break down from within and Letter reSeArCH resulted in a homogeneous melting, rather than a heterogeneous surface melting. The mechanical instability also interrupted the surface premelting, rendering it incomplete.
The melting point of the 2D crystals was identified from the density jump at 23.1 °C (Fig. 3a) , which is a clear signature of a strong firstorder transition. This melting point was confirmed from the peak positions of the orientational susceptibility for N particles in area A, and the global translational-order parameter
j , in which r j is the position of particle j and G is the primary reciprocal-lattice vector 28 .) In contrast to the 2D crystals, identifying the melting point of the bilayer crystals by direct visualization was difficult because of the similarity in the appearance of a crystal exhibiting a thick premelted liquid layer before undergoing bulk melting and one exhibiting a possible solid-liquid coexistence after the bulk melting. We found that the melting point determined from the bulk susceptibilities peaks of 22.9 °C (Fig. 4g) is consistent with the fitted divergence point of l at T m2 = 22.7 °C (Fig. 2h) , considering that our temperature step size was 0.2 °C and the uncertainty was 0.1 °C. The entire crystal completely melted at 22.7 °C. Bilayer crystals did not break down from within because of their stronger mechanical stability than monolayer crystals (Fig. 3) . The finite shear moduli of the bilayer crystals at T m2 (Fig. 3d) indicated that their melting was induced by a thermodynamic instability rather than a mechanical instability.
We observed premelting, melting and solid-solid transition behaviour in 20 monolayer and 20 bilayer samples of spheres with diameters of 2.02 μm and 2.74 μm and obtained robust results. The attraction minimum was always 0.4 μm from the surface of the PMMA spheres; hence, larger spheres exhibited a shorter effective attraction range ( Supplementary Fig. 2 ). The attraction range could be tuned by changing the size of the spheres, which can mimic a broad class of atoms. Different surface lattice orientations exhibited the same premelting behaviour with similar l(T) values (Supplementary Video 2), indicating that the interfacial energy is not sensitive to the surface lattice orientation in colloids. The three-layer samples demonstrated similar complete premelting, but the thickness of the surface liquid increased more rapidly, owing a higher power-law exponent in the expression for l(T) (Supplementary Fig. 12 ). These results suggest that dimensionality is a crucial factor for melting and premelting. In addition to the conventional idea that bulk phase transitions are strongly affected by surfaces, we observed that surface behaviour is strongly affected by bulk transitions.
